External water intrusion during low or negative pressure transient events in urban water supply systems may cause pollution and health problems. The volume of intrusion pollutants is one of the significant indicators that can reflect the degree of health risks when a pollution incident occurs. A pilot-scale platform was constructed in this study to simulate intrusion events, which were caused by the sudden valve closure in a laboratorial water distribution system. The simulation aimed to 
INTRODUCTION
Intrusion contamination from ground water and soil surrounding pipes is a less-visible and less-known pollutant pathway that may occur during short-time low or negative pressure events in a water distribution system (Karim et al. This study is limited to elastic pipes. The results here reported are applicable only to these kinds of pipe while for plastic ones, because of their viscoelastic behavior (e.g. Evangelista et al. ), more analysis is required. We aim here to simulate intrusion events associated with low or negative pressure events to determine the intrusion volume under different conditions. Hydraulic transients were induced by the sudden closure of a discharge solenoid valve. Intrusion volumes were recorded with a video camera and determined with a volumetric method. The factors affecting intrusion volumes were analyzed under different conditions. A correction coefficient was also introduced to improve the traditional equation for intrusion flow rate.
MATERIALS AND METHODS

Experimental apparatus
An experimental installation, shown in Figure 1 They were used to measure the pressure changes associated with low or negative pressure events in the water main and in the intrusion water tank, respectively. These pressure sensors were connected to a data acquisition card. The data acquisition frequency of the pressure sensor was 1,000 Hz. Mora-Rodríguez et al. ):
Experimental measure of the intrusion volume
where Q is the volumetric flow rate, C d is the orifice discharge coefficient, A is the cross-sectional area of the orifice, g is the gravitational acceleration, and ΔH is the difference between the external and internal pressure The theoretical calculation method assumes that the external pressure is constant, which may lead to a theoretical intrusion volume larger than the measured intrusion volume. However, Figure 5 shows a different result, that the measured value is greater than the theoretical value.
Therefore, it is not entirely appropriate to describe the intrusion process with the traditional orifice equation. 
The correction coefficient satisfies the following relationship: where V m and V t are the measured and theoretical intrusion volumes, respectively. The target correction coefficients are calculated with Equation (4) based on the theoretical and measured intrusion volumes.
Correction coefficient α
The correction coefficient α is affected by the external pressure, the initial internal pressure, orifice diameter, and initial flow velocity. The pressure fluctuation in the pipe is drastic when the orifice diameter is small or the initial flow velocity is large, and the leakage points usually undergo a considerable shape change, which means that the theoretical equation needs a correction. Figure 6 illustrates that the correction coefficient increases with the increase in the initial flow velocity, and decreases with the increase in the internal-external pressure difference and orifice diameter.
According to the preceding correlation analysis, we argue that the correction coefficient is a function of the internal-external pressure difference, orifice diameter, and initial flow velocity. The correction coefficient can be expressed as follows:
where v 0 is the initial flow velocity, H ii is the initial internal pressure, H ext is the external pressure, and d is the orifice diameter.
Because the correction coefficient is dimensionless, three dimensionless parameters are introduced as follows: 
The square of the correlation coefficient (R (7) is therefore reliable.
DISCUSSION
The experiment provides evidence that contaminated water will enter into the pipe due to low or negative pressure events. The result is consistent with previous studies ( However, the real components of water distribution systems, such as submerged air vacuum valves, are not considered.
The experiment is carried out without considering the ground conditions. Therefore, the soil's influence is not considered in the derived intrusion equation.
The experiment uses a tank to simulate the ground water surrounding the buried pipe. A hole of a certain size may exist around the leakage point of the buried pipe, according to the soil parameter, leakage degree, and time of the leakage. We therefore use a tank to simulate the ground water in the hole near the leakage point. However, the soil affects the intrusion volume. The water near the leakage point intrudes into the pipe when low or negative pressure events occur. Then, the other water that percolates out from the surrounding soil supplements the deficiency of water in the hole. If an intrusion occurs quickly, and a large amount of water enters the leakage point, the seepage water becomes inadequate and the soil hole loses pressure.
Therefore, the soil attempts to prevent the ground water from intruding into the pipe. This perspective indicates that the real intrusion volume in the experiment should be larger than that in the real situation. 
